Introduction
Descriptions of clinical presentations of meningitis, with proposed mechanisms of disease, are found in ancient Greek and Roman medical texts. The "Canon of Medicine," written by Ibn Sina (980-1037), provided a detailed approach to the diagnosis and treatment of meningitis, including bloodletting and the application of roses and vinegar to the forehead, and became the standard medical textbook across Europe and Asia for several centuries [1] . Thomas Willis (1621-1675) was the first to relate meningeal tubercles to the signs and symptoms of meningitis, observing an association between cerebral edema and "plaques and tubercles" of the meninges in patients with "fatal and incurable headaches," which he attributed to abnormal activities of animal spirits [2] . The first comprehensive clinical description of tuberculous meningitis was provided by the Scottish physician Robert Whytt (1714 Whytt ( -1766 , in a case series of 20 patients entitled "On the Dropsy on the Brain" [3] . Although the infectious nature of tuberculous meningitis was established following Robert Koch's (1843-1910) discovery of the tubercle bacillus in 1882, it was not until the work of Arnold Rich (1893 Rich ( -1968 and Howard McCordock (1895 McCordock ( -1938 several decades later, This article is part of the Topical Collection on Infection * Christopher Vinnard cv274@njms.rutgers.edu; http://www.phri.org/research/ res_pivinnard.asp discussed below, that the unique pathogenic features of tuberculous meningitis were recognized, distinguishing this disease from other types of bacterial meningitis [4] . Prior to the modern chemotherapy era, tuberculous meningitis was an almost uniformly fatal condition [5] . In 1948, The British Medical Research Council published, "Streptomycin Treatment of Tuberculous Meningitis," which described 105 consecutive cases of tuberculous meningitis treated with intrathecal streptomycin, reporting a 6-month mortality rate of 64% [5] . The later adoption of combination treatment regimens for tuberculous meningitis was based on clinical trials of pulmonary tuberculosis conducted by the British Medical Research Council over several decades [6] . Although the routine use of rifamycin-based combination regimens has led to significant improvements in the survival of tuberculous meningitis patients, the disease once known as "dropsy on the brain" continues to present significant challenges with regard to diagnostic testing and therapeutic strategies. The goal of this review will be to review the pathogenic, clinical, and radiologic features of tuberculous meningitis and to highlight recent advancements in translational and clinical science.
Epidemiology
Despite a recent worldwide decline of incident cases, tuberculosis remains a leading cause of death on a global scale [7] . One third of the world's population is infected with Mycobacterium tuberculosis, which progresses to active disease in approximately 10% of individuals. In 2015, the World Health Organization estimated that 10.4 million incident cases of tuberculosis occurred worldwide, with 10% among children and 11% among individuals living with human immunodeficiency virus (HIV) [7] . Overall, tuberculous meningitis comprises 1-2% of incident cases of active tuberculosis. In settings with concurrent epidemics of HIV and tuberculosis, M. tuberculosis is now a leading cause of bacterial meningitis, alongside pathogens such as Neisseria meningitidis, Haemophilus influenzae, or Streptococcus pneumoniae [8, 9] . Approximately one half of all tuberculous meningitis infections lead to severe disability or death [10] .
Pathogenesis
Tuberculosis infections, regardless of clinical presentation, are established with the inhalation of bacilli into distal airways, in the form of droplet nuclei. After escaping from the airspace into the interstitium, M. tuberculosis spreads first to the local draining lymph nodes in the lung and then to distant sites via the bloodstream. During hematogenous dissemination, mycobacteria may be deposited adjacent to the ventricles or subarachnoid space, leading to granuloma formation at those sites of deposition [11] . Granulomas in the central nervous system are often detected in post-mortem studies of tuberculosis patients, even among individuals without suspected disease at that site [12] . In their landmark autopsy study of tuberculous meningitis patients, Rich and McCordock observed granulomas adjacent to the subarachnoid space that had ruptured into that space in nearly all cases [4] . They proposed that the rupture of this granuloma (known as a "Rich focus") led to the robust inflammatory response and therefore provides the initiating event of tuberculous meningitis. Although Rich and McCordock's broad framework of pathogenesis remains in place, recent work has identified potential modulators of this process, including variability in the host immunologic response [13] and diversity of M. tuberculosis strains [14] .
M. tuberculosis infections of the central nervous system most commonly present as subacute or chronic meningitis. There may also be discrete granulomas (tuberculomas), and these lesions may enlarge or coalesce sufficiently to present with the signs and symptoms of space-occupying lesions [11, 15] . Central nervous system infection may be the only clinical manifestation of tuberculosis, or may occur in conjunction with pulmonary or disseminated disease, and the latter is known as miliary tuberculosis (named for the millet seed appearance of the granulomas) [16] . The widespread anatomic involvement of miliary tuberculosis promotes the development of meningitis by increasing the probability of granuloma deposition in the central nervous system [17] .
The patient's immune response is triggered by this rupture event, and the downstream consequence is the collection of a tuberculous exudate at the basal brain. Histologically, this exudate includes erythrocytes, mononuclear cells, neutrophils, and bacilli [11] . Another downstream consequence may be the development of vasculitis within the cerebral arterial system including branches of the middle cerebral artery, the vertebrobasilar system, and the circle of Willis vessels [18] . Infarctions in the areas supplied by these vessels are a major contributor to long-term neurologic deficits among survivors [19] . Cranial nerve impairment can result from either infarction or compression by the exudate [11] . In a mouse model of tuberculous meningitis, increasing local production of TNFalpha within the exudate was closely related to pathogenesis [20] . Hydrocephalus among tuberculous meningitis patients is more common in children than adults and more progressive than the hydrocephalus that accompanies other types of bacterial meningitis [21] .
Clinical Presentation
The reported duration of symptoms of tuberculous meningitis ranges between a single day and 6 months, presenting as acute, subacute, or chronic meningitis. Pulmonary tuberculosis may also be present [22] . The non-specific, fluctuating prodrome of tuberculous meningitis includes malaise and fatigue, anorexia and vomiting, headache, and fever [23, 24] . Acute presentations may be difficult to distinguish from other forms of bacterial meningitis. Less commonly, tuberculous meningitis presents as a progressive dementia, characterized by changes to personality and social withdrawal. There may be cranial nerve palsies at the time of initial presentation. Sixth nerve palsies are most common, but the second, third, fourth, and eighth nerves can also be involved [25] . Seizures may occur at any time throughout the initial diagnostic period, as well as during the entire treatment period. Pyramidal or cerebellar signs are a consequence of brainstem infarctions or cerebral edema, and hydrocephalus is a common finding in patients with these severe manifestations, due to the underlying pathogenic effects of the tuberculous exudate collecting at the basal brain [26] . In its final stages, tuberculous meningitis is characterized by coma, spasticity, and posturing.
The clinical staging system for tuberculous meningitis was developed by the British Medical Research Council ( [23, 24, 27, 28] . Diagnostic delays are related to inferior outcomes, including delays as short as 3 days in some reports, reinforcing the critical need to initiate anti-tuberculosis therapy as soon as the diagnosis is suspected [29, 30] .
Diagnostic Approach Cerebrospinal Fluid Studies
Analysis of cerebrospinal fluid is a key step in the diagnostic approach to tuberculous meningitis. Typical findings include lymphocytic pleocytosis, increased protein, and decreased glucose [31] [32] [33] . Prediction rules based on clinical characteristics and cerebrospinal fluid analysis have been developed in different settings but are challenged by the overlapping clinical features of cryptococcal and tuberculous meningitis among patients living with HIV infection [34, 35] . The prediction rule initially developed in a Vietnamese population includes scoring for age, disease duration, white blood cell counts in blood and cerebrospinal fluid, and neutrophil percentage in cerebrospinal fluid [31] (Table 2 ) and has been subsequently evaluated in diverse settings with a low incidence of HIV co-infection [35] [36] [37] [38] [39] . Generally, the positive and negative predictive values of this prediction rule will vary based on the proportion of meningitis cases caused by M. tuberculosis versus other causes. As one example, in Malawi, with a higher HIV prevalence and a greater proportion of meningitis cases caused by other bacterial pathogens as compared to Vietnam, the positive predictive value decreased to 14%, with a negative predictive value of 94% [35] .
Imaging Studies
The typical neuroradiologic findings in tuberculous meningitis include hydrocephalus, enhancement of the basilar meninges, and infarctions. Both computerized tomography (CT) and magnetic resonance imaging (MRI) may be used to assess possible tuberculous meningitis [40] . While neuroimaging studies may appear normal in early stages of disease, most patients will develop one or more neuroimaging abnormalities [41] . Meningeal enhancement in the basal brain and communicating hydrocephalus are the most common radiographic findings in patients with tuberculous meningitis [42] [43] [44] [45] . Infarctions often occur despite anti-tuberculosis treatment, with the basal ganglia and internal capsule being most affected [41, 46] . Abnormalities on magnetic resonance angiography, either localized or disseminated stenosis of intracranial arteries, predict the risk of subsequent cerebral infarctions and related clinical outcomes [47, 48] . Among HIV-uninfected tuberculous meningitis patients in China, the two patterns of observed abnormalities in magnetic resonance angiography studies were irregular calibers of intracranial arteries, widely disseminated, and localized stenosis at the basal brain, with the middle cerebral artery most frequently involved overall [47] .
Tuberculomas, which can be seen in tuberculosis patients both with and without meningitis, appear as round, lobulated masses, either homogenous or ring-enhancing, with irregular walls of varying thickness [46] . A patient may have solitary or multiple tuberculomas, with some demonstrating central calcification and surrounding hypoattenuation (the "target sign") [49] . The obstruction of cerebrospinal fluid outflow by enlarging tuberculomas can lead to a non-communicating Source: [5] hydrocephalus. Additionally, patients may develop tuberculous meningitis affecting the spine, characterized by cerebrospinal fluid loculations, obliteration of the spinal subarachnoid space, and loss of visible spinal cord in the cervicothoracic region [41, 50] .
AFB Smear and Culture
There is considerable variability in the reported sensitivity of cerebrospinal fluid smear and culture in cases of tuberculous meningitis [10] . The sensitivity is improved by several technical factors, including the volume of cerebrospinal fluid cultured (at least 6 mL) and examination of the cerebrospinal fluid smear for at least 30 min [51] . A modification of the Ziehl-Neelsen stain, using cytospin slides with Triton processing, was reported to dramatically improve sensitivity among 48 cerebrospinal fluid samples collected from 29 Chinese tuberculous meningitis patients [52] .
Nucleic Acid Amplification Testing
Rapid molecular diagnostic tests can assist with tuberculous meningitis diagnostic strategies. The Xpert M. tuberculosis/ RIF assay (Cepheid, CA) is based on real-time polymerase chain reaction to detect M. tuberculosis DNA in clinical samples, simultaneous with the presence or absence of mutations in the genetic locus corresponding to rifampin resistance. Among 379 suspected tuberculous meningitis patients in Vietnam, Xpert MTB/RIF demonstrated 59% sensitivity and 99% specificity; by comparison, the sensitivity of AFB smear of cerebrospinal fluid was 79% in that study [53] . Interestingly, the sensitivity of Xpert was increased among HIV-infected tuberculous patients, reflecting an increased bacterial load in cerebrospinal fluid. The Xpert assay also identified four isolates with mutations conferring rifampin resistance; three of these isolates were confirmed rifampin-resistant by culture and one was culture negative. The sensitivity of Xpert for the diagnosis of tuberculous meningitis is improved by centrifugation of cerebrospinal fluid [54] , yet remains insufficient to exclude ("rule out") the diagnosis. Therefore, empiric anti-tuberculosis treatment should be initiated for patients with possible or probable tuberculous meningitis, even with a negative Xpert cerebrospinal fluid assay result [55] .
Treatment of Tuberculous Meningitis Anti-tuberculosis Drug Regimens
Treatment regimens for tuberculous meningitis have been extrapolated from pulmonary tuberculosis clinical trials. Recently updated guidelines from the American Thoracic Society, Infectious Disease Society of America, and the US Centers for Disease Control and Prevention continue to recommend initial four-drug therapy with isoniazid, rifampin, pyrazinamide, and ethambutol [56] (Table 3) . Pyrazinamide is discontinued after the first 2 months of therapy, corresponding to the intensive phase, and ethambutol is discontinued once susceptibility to isoniazid has been confirmed by susceptibility testing, for a total duration of 9 to 12 months. Isoniazid and pyrazinamide have excellent cerebrospinal fluid penetration [57] [58] [59] , with lesser penetration for ethambutol [60, 61] . Importantly, cerebrospinal fluid concentrations of rifampin barely exceed the minimum inhibitory concentration against M. tuberculosis [62-64], a notable finding given the role of rifampin in driving tuberculosis treatment response. Even among pulmonary tuberculosis patients, the guidelinerecommended rifampin dose sizes lead to pharmacokinetic exposures at the lower end of the dose response curve [65] . Among second-line agents, fluoroquinolones demonstrate favorable distribution across the blood-brain barrier [66] , achieving cerebrospinal fluid concentrations greater than the minimum inhibitory concentration with standard dosing [67] . Two recent clinical trials have evaluated intensified antituberculous treatment regimens for tuberculous meningitis, with a combination of increased rifampin dosing and a fluoroquinolone added to the first-line drugs. A clinical trial of 60 Indonesian adults evaluated standard-dose oral rifampicin (450 mg daily, corresponding to 9.4 mg per kg) versus higherdose intravenous rifampicin (600 mg daily, 12.5 mg per kg) with or without standard-dose moxifloxacin (400 mg) or high-dose moxifloxacin (800 mg), in an open-label factorial design. The use of high-dose intravenous rifampin for an initial 2-week (Fig. 1) . The change in rifampin dose and mode of delivery was associated with 3-fold increases in plasma area under the time-concentration curve, plasma maximum concentration, and cerebrospinal fluid maximum concentration. Subsequent pharmacokinetic/pharmacodynamics analysis of this study formally demonstrated the relationship between rifampin cerebrospinal fluid exposures and survival [69] . A randomized, double-blind, placebo-controlled trial of 817 adult tuberculous meningitis patients was conducted in Vietnam, comparing high-dose oral rifampin (15 mg/kg/day) and levofloxacin (20 mg/kg/day), administered in combination with pyrazinamide and ethambutol during the first 8 weeks of treatment, with standard treatment regimen according to national guidelines. In notable contrast to the Indonesian trial, intensified anti-tuberculosis treatment was not associated with improved survival compared to standard treatment over 9 months of follow-up (28% mortality in both arms) [70•] . The reasons for the disparate findings between these two intensified treatment trials are a subject of continued debate, with regard to the relative contributions of anti-tuberculosis drug exposures and detrimental host inflammatory responses in determining tuberculous meningitis treatment outcomes. Follow-up pharmacokinetic studies of the Vietnamese study patients may further elucidate the exposure-response relationships of high-dose rifampin and levofloxacin.
Adjunctive Corticosteroids
Adjunctive dexamethasone is recommended for all individuals with suspected tuberculous meningitis. The benefit of adjunctive, concurrent, treatment with dexamethasone was demonstrated in a randomized double-blind clinical trial of Vietnamese adolescents and adults [27] . In subanalyses, the overall benefit of adjunctive corticosteroids was driven by improved survival among HIV-uninfected adults with early stage disease, without impacting rates of neurologic disability among survivors. In the subset of HIV-infected adults enrolled in this trial, there was no benefit of adjunctive corticosteroids on survival or rates of neurologic disability. In a follow-up evaluation of participants in this trial, the survival benefit of dexamethasone continued over a 2-year period from the time of enrollment but was again concentrated among patients with early stage disease [71] .
Recent translational science has elucidated mechanisms for the protective effect of adjunctive corticosteroids during tuberculous meningitis treatment. Studies of mycobacterial infections in zebrafish identified mutations in the gene encoding leukotriene A4 hydrolase (LTA4H) as a key mediator of disease susceptibility, and the importance of this pathway was later validated in human M. tuberculosis infection [72] . When re-analyzing the clinical data from the randomized trial of dexamethasone in Vietnam, a surprising finding was that both the hypoinflammatory genotype and hyperinflammatory genotypes (the CC and TT genotypes of the LTA4H promoter SNP rs17525494, respectively) were related to inferior outcomes, when compared to the heterozygote genotype [73] . Importantly, the survival benefit of dexamethasone was concentrated among patients with the hyperinflammatory genotype (Fig. 2) . Follow-up studies of tuberculous meningitis patients in Vietnam [74] and Indonesia [75] , with all patients receiving adjunctive dexamethasone, have yielded conflicting results regarding the impact of LTA4H promoter mutations on tuberculous meningitis outcomes, and more work remains to untangle these relationships. Yet it is becoming clear that both the susceptibility to tuberculosis and the outcomes of treatment are dependent on an appropriate immune response that is neither ineffectually weak nor inappropriately robust.
Aspirin
Given the role of stroke in the adverse outcomes of tuberculous meningitis and the failure of dexamethasone to reduce neurologic disability, investigators have looked at adjunctive aspirin therapy. Open-label clinical trials in children [76] and adults [77] have examined the role of aspirin during tuberculous meningitis treatment, with conflicting results. An ongoing double-blind, randomized trial of aspirin in Vietnamese tuberculous meningitis patients may shed light in this area.
Special Populations Pediatric Disease
At a population level, the highest incidence of tuberculosis meningitis is found among children aged 2 to 4 years old [78] . Establishing the diagnosis early in disease, before permanent neurologic damage has occurred, is challenging given the young age and non-specific symptoms [79] . Among 204 Romanian tuberculous meningitis patients, children were less likely to develop mental status changes but more likely to develop other complications such as hydrocephalus [80] . Neuro-ophthalmic findings were present in two thirds of Indian children with tuberculous meningitis, most commonly retrobulbar neuritis and optic atrophy [81] . In addition to the indirect effects of raised intracranial pressure on the optic nerve [81] , M. tuberculosis may directly invade the proximal portion of the optic nerve, or the accumulating tuberculous exudate may strangulate the optic nerve and chiasma [82] . Hyponatremia is also more likely in children [78] , due to either the syndrome of inappropriate anti-diuretic hormone or cerebral salt wasting [78, 83] , which can be distinguished by extracellular fluid status [84] . Cerebrospinal fluid biomarkers of neuronal and astroglial injury predict survival at 6 months in South African children, with early changes (during the first 3 weeks) providing the greatest prognostic information [42] . There are few pediatric tuberculosis clinical trials to guide dosing decisions, and the dosing of tuberculosis drugs for treating tuberculous meningitis has been largely extrapolated from adult experiences, although World Health Organization guidelines now recommend higher doses of rifampin (15 mg per kg), isoniazid (10 mg per kg), and pyrazinamide (35 mg per kg) based on pharmacokinetic data [85] [86] [87] [88] . In an observational study of 100 Vietnamese children with suspected tuberculous meningitis, treated with weight-based dosing for isoniazid, rifampin, pyrazinamide, ethambutol, and streptomycin according to national guidelines, an inverse relationship was observed between age and drug clearance, leading to lower drug exposures among the youngest children [89] . While cerebrospinal fluid concentrations of isoniazid and pyrazinamide exceeded the minimum inhibitory concentration for M. tuberculosis in most children, nearly all children demonstrated rifampin cerebrospinal fluid exposures below this threshold. Notably, weight-based dosing regimens employed in Cape Town, South Africa, for many years have used higher doses of first-line drugs, including up to 20 mg per kg of rifampin [78] . The superior outcomes among children in this setting have been attributed to this practice [90] .
HIV Infection
Infection with HIV increases the risk of progression from latent tuberculosis infection to active tuberculosis disease, as well as the risk of primary progressive disease immediately following the acquisition of infection [91] . HIV-associated tuberculosis is also more likely to present with extrapulmonary manifestations, with an increasing likelihood in relation to the degree of immunosuppression [92] . This increased risk of extrapulmonary disease is reflected in the increased risk of meningitis among HIV/tuberculosis patients, compared to tuberculosis patients without HIV infection [93] .
A number of studies have compared the clinical presentation of tuberculous meningitis patients in the presence and absence of HIV co-infection. Generally, symptoms such as fever, headache, weight loss, and vomiting are similar in both groups of patients, while HIV-infected patients are more likely to demonstrate hepatosplenomegaly and lymphadenopathy on examination [93] [94] [95] [96] [97] [98] [99] [100] . Some studies have reported a greater proportion of HIV-associated cases with an altered level of consciousness [95, 101] , but others have found no difference [93, 96] . Laboratory findings among HIV-associated tuberculous meningitis cases may be more likely to include elevated liver transaminases, anemia, and hyponatremia [99, 102, 103] . In addition, lower cerebrospinal fluid leukocytes and protein levels, and higher opening pressures, have been reported [31, 95, 98] . On neuroimaging studies, HIV-infected patients are more likely to demonstrate meningeal enhancement, cerebral infarctions, and mass lesions and less likely to have obstructive hydrocephalus [29, 93, 95, 96, 100] .
Randomized clinical trials have established the benefit of early anti-retroviral therapy initiation among HIV/ tuberculosis patients, particularly in the setting of advanced HIV disease (e.g., CD4 T cell count less than 50 cells/μL) [104, 105] . However, a notable exception was a randomized trial of early versus deferred anti-retroviral therapy among 253 Vietnamese tuberculous meningitis patients [106] . There was no difference in survival when anti-retroviral therapy was initiated within 1 week or deferred until after 8 weeks of tuberculosis treatment, and a greater number of severe adverse events occurred in the early anti-retroviral therapy arm of the study. The lack of benefit of early anti-retroviral therapy may reflect detrimental effects of the immune reconstitution inflammatory syndrome in the confines of the central nervous system. In this context, it is noteworthy that early antiretroviral therapy increased the mortality risk in a randomized controlled trial of early versus deferred anti-retroviral therapy among African cryptococcal meningitis patients [107] , perhaps via a similar mechanism [108] .
Drug-Resistant Tuberculous Meningitis
The global challenge of drug-resistant tuberculosis is magnified by the particular threats of tuberculous meningitis, which has a higher case-fatality rate overall compared to other forms of tuberculosis. Treatment of known or suspected drugresistant tuberculous meningitis can be supported by therapeutic drug monitoring [109] , given the variable pharmacokinetics and narrower therapeutic index of many second-line antituberculosis drugs [110] .
Isoniazid Resistance
Isoniazid freely distributes into cerebrospinal fluid, both in the settings of inflamed and uninflamed meninges, and demonstrates bactericidal activity against M. tuberculosis. These pharmacokinetic and pharmacodynamic properties point to a central role in the treatment of tuberculous meningitis. Globally, isoniazid monoresistance is the most prevalent form of drug-resistant tuberculosis [111] . Among 1614 tuberculous meningitis patients in the USA over a 12-year period, there was a 2-fold increase in the odds of death before completing treatment among patients with isoniazid-resistant disease [22] . The magnitude of the association between initial isoniazid resistance and death was similar among 186 HIV-infected tuberculous meningitis patients in Vietnam, with the additional finding that excess mortality due to isoniazid resistance did not emerge until after the first 60 days of treatment [112] . Interestingly, this time-dependent relationship between isoniazid resistance and death was also observed among tuberculous meningitis patients in New York City, USA [113•] (Fig. 3) .
Thus, isoniazid-resistant tuberculous meningitis may provide a window of opportunity to impact the course of disease with early intensification of therapy. Although intensified therapy with high-dose rifampin and a fluoroquinolone failed to detect a survival benefit overall among Vietnamese patients, there was a survival benefit among HIV-uninfected tuberculous meningitis patients with isoniazid-resistant disease [114•] . Importantly, the survival benefit of intensified treatment was greatest when intensification occurred at the time of initiation of tuberculosis treatment, rather than in response to drug susceptibility testing. Implementation of these findings into clinical practice would require either a rapid diagnostic test for isoniazid resistance in tuberculous meningitis patients or the use of risk factors for isoniazid resistance, including tuberculosis contact history or the epidemiology of isoniazid-resistant disease in the underlying population [115] .
Multidrug Resistance
Multidrug-resistant tuberculous meningitis, defined as resistance to both isoniazid and rifampin with or without resistance to other agents, carries a poor prognosis. The marked increase in mortality of tuberculous meningitis when rifampin resistance is added to isoniazid resistance demonstrates the importance of rifampin in the treatment regimen, despite its limited penetration into cerebrospinal fluid compared to isoniazid. Over a 12-year period in the USA, 19 of 26 (73%) patients with multidrug-resistant tuberculous meningitis died before completing tuberculosis treatment [116] . Among 16 patients with multidrug-resistant tuberculous meningitis in the intensified therapy trial in Vietnam (including a single patient with rifampin-resistant, isoniazid-susceptible disease), 11 died before completing treatment, with a median time to death of 27 days from treatment initiation [70•] . Descriptions of successful treatment of multidrug-resistant tuberculous meningitis are limited to case reports [117] , including the use of intrathecal administration of levofloxacin and amikacin [118] . Linezolid may also be a useful second-line drug in this context based on recently published clinical experiences in Chinese children [119] and adults [120] .
Long-Term Neurologic Outcomes Among Survivors
Neurologic sequelae resulting from tuberculous meningitis include hydrocephalus, stroke, cranial nerve palsies, seizures, and mass lesions, and the risk of these sequelae increases with diagnostic delays [29] . Among participants in the clinical trial of dexamethasone in Vietnam, 14% demonstrated severe disability at 5 years of follow-up, with no difference between the dexamethasone and placebo arms [71] . Among HIVuninfected tuberculous meningitis patients in New York City who successfully completed treatment, there was no additional mortality burden when compared to population age-and sex-matched controls over a 10-year follow-up period, although differences in neurologic morbidities that did not impact survival were not measured [113•] . A multistate cohort study of 806 US tuberculous meningitis patients, conducted using administrative claims data, identified rates of neurologic complications at 1 year following diagnosis for stroke (15%), seizures (12%), and visual impairment (19%) [121] . Most of these complications occurred during the index hospitalization. A systematic review of 19 pediatric tuberculous meningitis studies, including a total of 1636 children treated for tuberculous meningitis, reported a mortality rate of 19%, with a 54% risk of neurologic complications among survivors [28] . More work is needed to understand the total burden of tuberculous meningitis in high-incidence settings, with particular attention to the consequences of permanent disabilities among childhood survivors of this disease.
Summary
The previous decade has witnessed advances in our understanding of several aspects of tuberculous meningitis, but much work remains. Prompt initiation of anti-tuberculosis treatment for all suspected cases remains a key aspect of management, given the powerful relationship between disease stage at treatment initiation and long-term outcomes. Ongoing research efforts will refine the optimal treatment regimen, targeting the pathogen itself as well as deleterious inflammatory responses, with the goal of reducing the morbidity and mortality of a disease that targets the most vulnerable members of society.
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